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Prolonged social isolation has negative effects on brain and be-
haviour in humans and other social organisms, but neural mecha-
nisms leading to these effects are not understood. Here we tested
the hypothesis that even brief periods of social isolation can alter
gene expression and DNA methylation in higher cognitive centers
of the brain, focusing on the auditory/associative forebrain of the
highly social zebra finch. Using RNA sequencing, we first identified
genes that individually increase or decrease expression after isola-
tion, and observed general repression of gene sets annotated for
neurotrophin pathways and axonal guidance functions. We then
pursued four genes of large effect size: EGR1 and BDNF (decreased
by isolation) and FKBP5 and UTS2B (increased). By in situ hybridiza-
tion, each gene responded in different cell subsets, arguing against
a single cellular mechanism. To test whether effects were specific
to the social component of the isolation experience, we compared
gene expression in birds isolated either alone or with a single
familiar partner. Partner inclusion ameliorated the effect of solo
isolation on EGR1 and BDNF, but not on FKBP5 and UTS2B nor
on circulating corticosterone. By bisulfite sequencing analysis of
auditory forebrain DNA, isolation caused changes in methylation
of a subset of differentially expressed genes, including BDNF. Thus,
social isolation has rapid consequences on gene activity in a higher
integrative center of the brain, triggering epigenetic mechanisms
that may influence processing of ongoing experience.
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INTRODUCTION
The experience of prolonged social isolation has well known
effects on multiple indicators of health, well-being and brain
function, in humans and many other animals (1–6). Less is known
about how the sense of isolation is initially perceived, or how
that perception translates over time into lasting biological and
behavioural effects. In the zebra finch, a highly social songbird,
social interactions are often mediated through vocal signals (7)
and exposure to vocal signals can cause large changes in gene
expression in portions of the caudomedial forebrain (nidopallium
and mesopallium), where neurophysiological responses selective
for complex auditory signals are first evident (8). These responses
are also sensitive to social context and past history (8–11), so the
caudomedial forebrain may be a node in the generation of social
awareness.
Overnight isolation of adults in sound attenuation chambers
is a common practice in zebra finch experiments, as a way to
normalize experience and facilitate presentation of auditory stim-
uli and recording of vocal responses (e.g., (9, 12–15)). Typically,
the bird is isolated not only from external sounds, but also from
other conspecifics. However, the collateral effects of this acute
social isolation have not been directly considered before. With
the sequencing of the zebra finch genome (16) and advances in
high-throughput RNA and DNA sequencing technologies, it is
now feasible to do a comprehensive analysis of gene expression
in specific brain areas, with replications sufficient to account for
natural biological variation. In addition to direct measurement
of mRNA levels, it is also possible to test for specific epigenetic
changes in the underlying DNA that may contribute to long-term
persistence of acute effects on gene expression. Here we set out to
determine whether acute social isolation by itself can have direct
effects on gene expression in the caudomedial forebrain.
RESULTS
A Neurogenomic Response to Overnight Isolation. To determine
if overnight isolation in a sound attenuation chamber alters gene
expression in the caudomedial forebrain the following day, we
began with an RNA-seq analysis (ENA accession PRJEB28085)
of 24 adult female zebra finches who had been together in a same
sex aviary (University of Illinois, USA). Twelve were removed
and placed alone overnight in a sound isolation chamber before
euthanasia. The other twelve were euthanized immediately after
removal from the aviary. Principal components analysis of sample
variance indicated one outlier sample (SI Appendix, Fig. S1),
which was excluded from subsequent analyses. From 14,687 genes
measured by DESeq2 (SI Appendix, Dataset S1), we detected
significant differential expression (FDR< 0.05) for 328 genes (SI
Appendix, Fig. S2). Fig. 1 shows the genes with greatest effect
sizes.
The genes that responded to isolation represent a diverse
set of individual functions. To ascertain the biological pathways
most influenced by overnight isolation, we employed a com-
petitive gene set enrichment analysis (17) with the RNA-seq
data. This analysis tests for significant shifts in the aggregate
expression of functional groups of genes; here we mapped our
Significance
Our results show that the experience of being alone has
immediate consequences on brain gene activity. Clearly this
is important for the human context, where loneliness (i.e.,
perceived social isolation) is a risk factor for psychological and
neurodegenerative disorders. As the response occurs in brain
areas involved in higher order cognition and perception, these
changes in gene activity may influence the ongoing processing
of experience. Prior studies in humans have measured effects
of social isolation in circulating leukocytes, but not in brain,
and studies in mammalian models have typically focused on
effects of much longer isolation periods (weeks or more).
The results also bear on interpretation of animal experiments
where short-term isolation is used to establish the baseline
reference condition.
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Fig. 1. Top genes from differential gene expression analysis (RNA-seq) in female auditory lobule after overnight isolation. Normalized counts for 33 genes
with most significant changes in expression between aviary and solo conditions (FDR < 0.001) and the largest fold-changes in expression (abs(log2 fold
change)>0.4). Data are plotted for 23 individual female zebra finches (11 aviary and 12 solo, red and blue symbols, respectively). Genes are sorted left to right
by fold change.
Fig. 2. Competitive gene set enrichment analysis. Gene sets representing
186 KEGG pathways were tested for sensitivity to solo isolation, using
cameraPR and the Wald test statistic from DESeq2 to rank the gene sets by
relative expression. Two gene sets were down-regulated significantly relative
to other gene sets, and the barcode plots show the ranking statistics for
the individual genes (vertical bars) in these. Ranking statistics are displayed
with genes down-regulated in the solo condition toward the left and up-
regulated toward the right. The worm at top shows enrichment of vertical
bars in each part of the plot. Pink and blue shading: p < 0.05 threshold for
differential up- or down-regulation of individual genes.
data to 186 human gene sets representing the KEGG Pathway
Database (18–20). Two (and only two) gene sets were found
to be significantly more affected by social isolation than other
gene sets (Fig. 2): “KEGG Neurotrophin Signaling Pathway” (97
genes, net decrease in solo condition, FDR=0.015) and “KEGG
Fig. 3. Gene expression changes persist after two days in isolation. Changes
in expression of EGR1, BDNF, FKBP5, and UTS2B were independently repli-
cated with RT-qPCR for the solo (“1 day” solo isolation, n=9 females) versus
aviary (n=10 females) comparison, with the addition of a group housed alone
for an additional day (“2 day” solo isolation, n=9 females), and modeled with
MCMC.qpcr. Fixed effects of solo isolation (relative to aviary) are plotted
for 1 day (black) and 2 day (blue); points represent posterior means with
95% credible intervals. The relative stability of HPRT, PGK1, and YWHAZ
is reflected in the model (which is naive to the prediction that these are
"control" genes).
Axon Guidance” (102 genes, net decrease in solo condition,
FDR=0.045).
For further detailed studies of the response, we chose four
genes at the two extremes of the distribution. EGR1 showed the
greatest magnitude of decrease (Fig. 1) and has been extensively
studied in the context of songbird vocal learning and commu-
nication (8). BDNF also decreased significantly in the isolated
animals (Fig. 1) and is a major neurotrophin implicated in both
developmental and adult neural plasticity (21). Among genes
that increase in expression upon isolation, we chose FKBP5, a
glucocorticoid receptor chaperone that has been associated with
stress responses (22), and UTS2B, a neuropeptide gene with
diverse functions (23) but implicated especially in vasoregulation
(24).We developed primers for quantitative reverse-transcriptase
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Fig. 4. Anatomical expression patterns ofmRNAswithin the auditory lobule.
Shown are images from in situ hybridizations with riboprobes (four genes
labeled on the left), from adult females (2015 experiment). The AVIARY
and SOLO columns show sections in the sagittal plane (0.2-0.5 mm from
midline, bar = 1 mm). Column three shows high magnification images
(40x) illustrating cellular labelling pattern in NCM for condition of highest
expression (BDNF and EGR1: AVIARY; FKBP5 and UTS2B: SOLO; bar = 50 µm).
polymerase chain reaction (RT-qPCR) analysis of these and sev-
eral other targets (SI Appendix, Table S1, Fig. S3), including three
genes used as stable reference genes in other songbird RT-qPCR
studies (25). To model changes in gene expression, we used the
method implemented in the R package MCMC.qpcr (26). With
this approach, we determined that a similar change in gene ex-
pression had also occurred in male zebra finches (n=12) who had
been collected in the USA at the same time as the females in Fig.
1 (SI Appendix, Fig. S4). Additionally, we replicated the effect
in another set of females (n=10) collected 2.5 years later in the
UK (SI Appendix, Fig. S4). As one more test of reproducibility
and to establish whether neurogenomic effects of isolation are
limited to the first day after capture, we analyzed yet another set
of UK females, comparing birds taken directly from the aviary (0
day) or after either 1 or 2 days of solo isolation (Fig. 3). EGR1 and
BDNFwere both down-regulated after 1 day in solo isolation, and
both FKBP5 and UTS2B were up-regulated at this timepoint, as
observed in the original RNA-seq study. Moreover, this pattern
of altered expression was sustained after two days of isolation,
indicating it was not a transient response to the initial period of
capture and chamber introduction.
Fig. 5. Including a partner mitigates some, but not all, effects of solo
isolation. Female (red) and male (blue) zebra finches were housed overnight
in sound attenuation chambers, either alone (solo) or with a partner of
the same sex (duo). RT-qPCR measured expression of EGR1, BDNF, FKBP5,
and UTS2B, and changes were modeled with MCMC.qpcr. Data for HPRT
and PGK1 were also incorporated in the model to improve estimation of
random effects (Methods). Points represent inferred transcript abundances
and whiskers represent 95% credible intervals.
Different Anatomical Response Patterns for Different Genes.
The results abovewere based on extracts using the “AL” dissection
(Methods), which collects three major anatomical sub-regions of
the caudomedial forebrain (NCM,CMM, andL2a), each of which
contains diverse cell types. To determine whether the observed
genomic responses occurred in a distinct cell type or localized
to a particular sub-region, we used in situ hybridization to map
and compare the anatomical distributions of our four focal RNAs
in sagittal sections near the midline where all three sub-regions
are evident (Fig. 4). Each gene of interest showed a different
anatomical pattern of expression and response. EGR1was readily
detectable in numerous cells throughout both NCM and CMM
in the aviary condition, and the density of labeled cells declined
markedly upon solo isolation, especially in the ventral portions
of these sub-regions; no labeling in Field L2a was apparent in
either condition. BDNF RNA was also detected in NCM and
CMM but at lower levels and in much smaller numbers of cells,
and the density of labeled cells also appeared to decrease upon
isolation. Conversely, FKBP5was detected in the aviary condition
in numerous cells throughout both NCM and Field L2a, but not
in CMM. Upon isolation, the intensity of FKBP5 labeling in each
cell appeared to increase. The UTS2B probe produced intense
labeling of small cells scattered sparsely within NCM and CMM;
an obvious difference in cell density or label intensity in the two
conditions was not visibly apparent.
Specific Effects of Social Condition on EGR1 and BDNF. The
results so far establish that placement of a single bird overnight
in a sound attenuation chamber alters gene expression in the
forebrain, but these changes could be due either to the new
chamber environment, or to the altered social environment. To
distinguish between these factors, we next asked whether the
neurogenomic effects of sound chamber isolation could be ame-
liorated by inclusion of a second bird (of the same sex) in the
chamber throughout the procedure. In both males and females,
EGR1 and BDNF were significantly down-regulated in the solo
group, but not in the animals that were housed with a partner
bird (duo, Fig. 5). Thus, for these two genes, the presence of a
partner prevented the effect of chamber isolation. For FKBP5,
in contrast, partner presence did not block the increase upon
chamber isolation. Nor did partner inclusion block the increase of
UTS2B – indeed, in this experiment we did not detect an increase
in the solo condition but still observed it in the duo condition.
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Fig. 6. Solo isolation leads to altered methylation of the BDNF gene.
Schematic gene model shows the three currently annotated transcripts (top).
Each circle is the value in one animal for fraction DNA methylated at that
site, from RRBS of auditory lobule DNA (solo isolation for 2 days, blue; group
aviary, red). Two sites marked with *: chr5:1328465 (methylation difference
+26%, q = 3.03E-05) is localized to a region ("a") immediately upstream and
adjacent to the start site for XM 012573738.1; chr5:1308195 (methylation
difference -41%, q = 1.70E-72) is within the BDNF protein coding exon ("b").
Note that both changes are consistent with decreased transcription of the
BDNF gene, based on precedents in mammals (54, 55): increased methylation
at BDNF exonic start sites (as in Fig. 6a) has been linked to transcriptional
suppression (56), whereas increased methylation in coding exons (Fig. 6a)
is associated with more active transcription and/or regulation of alternative
splicing (57).
To examine to what degree these changes in gene expres-
sion might be explained by general stress, we also measured
corticosterone (CORT) levels in blood from these same animals,
collected at the time of sacrifice. In both males and females,
CORT was elevated in both chamber housing conditions (solo
and duo) when compared to aviary, but no differences were
detected between solo and duo conditions, in either sex, and no
aggregate differences were detected between males and females
(SI Appendix, Fig. S5). Given that both FKBP5 and UTS2B
were also elevated in both chamber conditions, we next asked
whether CORT levels correlated with gene expression of indi-
vidual animals within treatment groups. We observed such a
correlation only for BDNF expression in the solo housed group
(Pearson coefficient = -0.45, p=0.047, SI Appendix, Fig. S6); the
negative correlation is consistent with prior evidence that BDNF
expression is suppressed by glucocorticoids (27).
Social Isolation Affects DNA Methylation in the Caudome-
dial Forebrain. To assess whether DNA methylation might co-
occur with observed changes in gene expression after chamber
isolation, we conducted a targeted analysis of a dataset collected
in Germany (ENA study PRJEB28656) which includes Reduced
Representation Bisulfite Sequence (RRBS, (28)) for the caudo-
medial forebrain (AL dissections) from 12 male zebra finches
(6 housed in a group aviary, and 6 placed in solo isolation for
two nights). The RRBS data were filtered to examine the 328
genes that were differentially expressed in the original RNAseq
experiment (SI Appendix, Dataset S1), including gene bodies
plus 10kb upstream of the transcription start site. Of this set,
we analyzed the 301 genes that are mapped in the current zebra
finch reference genome (Taeniopygia guttata-3.2.4). In these, we
detected a total of 2197 associatedCpG sites each with read depth
> 10. (Note that by design, RRBS only samples a reduced fraction
of the genome; the lack of RRBS coverage does not prove the
absence of functional methylation.) After correction for multiple
testing, 63 of these sites, associated with 40 genes, showed strong
evidence of differential methylation between treatment groups
(q<0.0001, SIAppendix, Fig. S7). As an exemplar, BDNF showed
significant differential methylation in the solo condition at two
sites, both consistent with decreased RNA expression in the solo
condition (Fig. 6).
DISCUSSION
In humans, social context affects many aspects of cognition,
and prolonged social isolation has been shown to cause subtle
alterations in gene transcription and methylation measured in
peripheral tissues (6). Here we have shown that, in the zebra
finch, even a single day of overnight chamber isolation alters
the expression of hundreds of genes in higher forebrain centers
involved in social communication, suppressing expression of gene
sets involved in neurotrophin signaling and axon guidance in
particular. This suggests the potential for lasting structural and
functional changes in the brain resulting from short periods of
isolation. We measured consistent neurogenomic effects of acute
isolation in birds sampled on five different occasions and in three
different countries, using four different molecular assays (RNA-
seq, RT-qPCR, in situ hybridization, bisulfite sequencing). Thus
we believe the phenomenon is likely to be a general one and not
restricted to particular populations or rearing environments. For
the zebra finch, some behavioral effects of acute solo isolation
have been defined, e.g., altered call production (29) but our
results provide the first insight into the immediate neurogenomic
consequences.
Our results indicate that chamber isolation evokes a complex
multifactorial response, where different elements of the expe-
rience may be “encoded” in different genomic response com-
ponents. For EGR1 and BDNF, changes in expression were
prevented by inclusion of a second bird in the chamber. This dis-
tinction between effects of solo and duo housing suggests that the
bird’s perception of “aloneness” may contribute to the regulation
of these genes and can be distinguished from the general effects
of handling stress and chamber environment which were common
to both the solo and duo conditions. In contrast, FKBP5 showed
no effect of a partner, suggesting its expression increase may be
a direct response to the physical environment of the chamber
or a persisting residual of the initial capture experience. The
response of UTS2B was actually potentiated when two birds were
in the same chamber, perhaps tracking some parameter related to
density (e.g., humidity).
In these experiments we explicitly focused on a part of the
brain that generates higher-order representations of auditory
experience and social context. Within this focal brain region we
observed different anatomical response patterns for different
genes, further suggesting a complexmultifactorial response to the
isolation experience. Moreover, our in situ mapping experiments
produced images that suggest that gene expression changes may
not be limited to the caudomedial forebrain (SI Appendix, Figs.
S8-S10). In solo housed birds, increased FKBP5 expression was
visually evident throughout the nidopallium whereas EGR1 was
decreased in patches throughout the rostral and lateral telen-
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cephalon and in the medial arcopallium, loosely analogous to
mammalian amygdala (30). Although not typically associated
with auditory functions, some of these areas do also show genomic
or neurophysiological responses to vocal signals (31, 32). Analysis
of the broader neuroanatomical response patterns of individual
genes could provide insight into the various neural processes that
may be affected by different social conditions and environmental
parameters.
Howmuch of this responsemight be explained as a simple and
direct manifestation of stress, as mediated by the glucocorticoid
response? Clearly, being captured and placed in a cage is a
stressful experience, as shown in many previous studies docu-
menting a sharp but transient rise in CORT in the first 30 minutes
following capture (33, 34). We did not measure CORT at the
point of capture but observed a significant elevation in baseline
CORT at sacrifice a day later, in all the chambered birds (but
not in ones taken directly from the aviary). Although all the
chambered birds experienced the same capture stress, we saw
sustained differences in gene expression that depended on the
social conditions maintained in the cage after capture. We also
saw only a poor correlation between CORT and gene expression
across our individual subjects (SI Appendix, Fig S6). Thus we
suggest that increased CORT may well support aspects of the
chamber response, perhaps as a permissive factor for altered
gene expression (see Clayton et al., this volume (35)), but alone
is insufficient to account for all the effects we observe on gene
expression.
These experiments raise questions about how isolation is
perceived – what sensations or sensory pathways contribute to
awareness of whether a bird is alone or not? For songbirds,
audition is a primary channel for social communication and per-
ception. Our social manipulation was not explicitly auditory in
nature, but of course the auditory environment is different for
a bird alone in a cage compared to a bird with a partner in the
cage. It will be interesting in future experiments to tease apart
the specific sensory channels and experiential factors responsible
for the effects of isolation – for example, providing other sounds
to the solo bird, simulating a normal aviary auditory environment
in the isolation chamber, providing a visual (but silent) surrogate,
or leaving a bird alone in a normal aviary flight cage instead of
a small cage in a sound isolation chamber. Possible differences
in behaviour (e.g., gross motor activity, sleep/wake cycle, call
production) should also be evaluated as potential contributors to
the neurogenomic pattern.
EGR1, which showed the largest decrease after isolation
(Fig.1), has been extensively used as an indicator of neural activity
associated with learning, memory and perception of salience (35).
In songbird research, the EGR1 orthologue is commonly referred
to as ZENK (12). Many studies have documented increases in
EGR1/ZENK in songbird forebrain after experimental presen-
tation of salient conspecific sounds or in vocal motor controls
during singing (8). In almost all of these cases, the response is
judged against a baseline measured in silence after overnight
isolation. Our results here show that this baseline has been sup-
pressed as a result of such isolation. Thus, the apparent induction
after exposure to novel song playbacks might be regarded in part
as a restoration of the expression level maintained in a more
normal social context. Nevertheless, exposure to a novel salient
acoustic experience even in a social context can still trigger a
further increase in EGR1 expression, as shown in studies of song
sparrows in the field (36) and zebra finches group-housed in the
lab (10).
BDNF, a canonical neurotrophin (21), has been implicated
in support of juvenile song learning in male zebra finches (37)
and also in adult neurogenesis in the songbird forebrain (38) and
rodent hippocampus (39). Prolonged social isolation suppresses
survival of new neurons in the adult songbird forebrain (40), and
persistent suppression of BDNF in social isolation could underlie
this effect. BDNF gene methylation has been proposed as a
mechanism underlying life-long consequences of early exposure
to adversity in humans and rodents (41, 42). FKBP5, like BDNF,
has emerged in studies of the epigenetic response to stress and
adversity (35). The FKBP5 protein acts as a co-chaperone of the
glucocorticoid receptor complex, suppressing effects of glucocor-
ticoids. It also suppresses DNA methyltransferase I (DNMT1)
activity andmay thereby prevent epigenetic suppression of BDNF
(43).
The involvement of DNA methylation indicates one more
level of integration to be considered in the way social experiences
and perceptions are built up and represented over the lifecourse.
In principle, DNA methylation may support long-lasting changes
in gene expression levels, isoform processing, and responsiveness
to specific signals. It may ultimately be possible to identify spe-
cific methylation signatures, or interactions between individual
methylation sites and other regulatory elements, to gain insight
into the molecular logic of different neurogenomic states. For the
state we have documented here, how long does it persist after
the animal has been returned to a normal social environment?
With even longer periods of isolation, do additional effects on
other genes eventually emerge, e.g.,(4)? Ultimately, what is its
function – does it help the animal buffer subsequent stresses,
or does it make the animal more vulnerable? Consideration of
neurogenomic activities in social animals like the zebra finch may
help address fundamental questions about social perception and
the links between social circumstance and long-term health and
behaviour.
MATERIALS AND METHODS
Animals. Experiments were conducted with adult zebra finches (>120 days
post-hatch) in 3 different aviaries over 4 years. Details of each experiment
are presented in SI Appendix. Within each experiment, treatment groups
were balanced, e.g., for sacrifice order, isolation chamber used, and all
samples were collected within the same one-hour midday window. In the
USA, procedures were conducted with protocols approved by the University
of Illinois Institutional Animal Care and Use Committee. Birds were taken
(June 2012) either directly from group aviaries, or after a single night of
solo isolation in a sound attenuation chambers in a different room, and
immediately killed by decapitation. Brains were removed and then either
immediately dissected (AL dissection, below) followed by flash freezing in
liquid nitrogen, or frozen in plastic molds. In the UK, birds were collected
from a colony established at Queen Mary University of London from UK
stocks. Animal procedures were conducted under Procedures Project License
PPL70-8183. The time course experiment (Fig. 3) ran November-December
2016, and the partner experiment (Fig. 5) ran February-March 2016. For the
primary RT-qPCR replication (SI Appendix, Fig. S4, January 2015), females
were killed by isoflurane overdose and decapitation. Animals for RRBS exper-
iments were collected at Max Planck Institute for Ornithology in Seewiesen
in August 2015. Animal housing and welfare were in compliance with the
European directives for the protection of animals used for scientific purposes
(2010/63/EU), with protocols approved by the Government of Upper Bavaria.
Male zebra finches (range 147-170 days old, mean age in each treatment
group 156 and 157 days, respectively) were collected either directly from a
group aviary or placed in sound chambers between 4 and 5pm, and killed
two days later by decapitation.
Auditory Lobule (AL) Dissection. RNA-seq, RT-qPCR and RRBS analyses
were all based on tissues collected using the “auditory lobule” (AL) dissection
of the caudomedial telencephalon (44). This dissection collects the major
loci of the zenk/egr1 response to song playback (the caudomedial nidopal-
lium (NCM) and the caudomedial mesopallium (CMM)), along with non-
responsive Field L2a.
RNA Sequencing and Analysis. AL samples (USA females) were pro-
cessed by the Barts and the London Genome Centre (BLGC) at Queen Mary
University of London, who performed RNA extraction, prepared indexed
sequencing libraries (TruSeq, Illumina) and provided sequencing (HiSeq,
Illumina) at an average read depth of 31.7 million 100bp paired-end reads
per sample (SI Appendix). Reads were then processed with Trimmomatic
(45), mapped to the zebra finch transcriptome with Salmon (46), collapsed
to genes with tximport (47) and imported into DESeq2 (48) for analysis of
differential gene expression and gene set enrichment analysis (SI Appendix).
RT-qPCR. Primer sets for RT-qPCR were selected using NCBI Primer-
BLAST, or from a study of reference genes for RT-qPCR (25). RT-qPCR data
were analyzed with the R package MCMC.qpcr (26), which models gene
expression in a joint GLMM. Primers, reaction conditions, assay validation,
and data analysis are described in SI Appendix.
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Corticosterone radioimmunoassay. Each animal was captured by hand,
immediately decapitated, and the body placed into a 50 mL plastic tube
containing 10 µL K2EDTA (anticoagulant) to collect the trunk blood (1
mL). Blood collection was completed within one minute of capture, and
corticosterone in plasma was quantified by radioimmunoassay (49) with
modeling of treatment effects using GLM (SI Appendix).
In Situ Hybridization. To compare general anatomical patterns of the
four RNAs of interest, 864 sections of adult female brains were examined
from three replications of the aviary-solo experiment, each with 6 animals
(3 aviary, 3 solo): USA 2012 (coronal sections); UK 2015 (sagittal sections); UK
2016 (2 coronal and 1 sagittal for each group). Cryostat sections (10 µm) were
post-fixed in 3% paraformaldehyde and hybridized to digoxigenin-labeled
riboprobes (SI Appendix) using standard methods (50). Digital images were
obtained using a Nanozoomer whole slide scanner (Hamamatsu) and images
examined in NDP.view2 (Hamamatsu), comparing to histological reference
images for the zebra finch brain (51).
RRBS. RRBS libraries were prepared as described previously (28) and
sequenced by the Biomedical Sequencing Facility at CeMM, Vienna. Data
were preprocessed with Trimgalore for removal of adapters and low-quality
sequence (28). Reads were aligned to the zebra finch genome (Taeniopy-
gia guttata-3.2.4) with BSMAP (52). Data were filtered to extract gene align-
ments with samtools v1.9, and the R packagemethylKit (53) was used to filter
for coverage and assess differential methylation. (Details in SI Appendix).
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